Abstract ƒÁ-Aminobutyric acid
r-Aminobutyric acid (GABA) is generally considered to be an inhibitory neurotransmitter, producing postsynaptically either a stabilization of the resting membrane potential as observed at the neuromuscular junction of the crab (FATT and KATZ, 1953) , crayfish (DUDEL and KUFFLER, 1961 ; TAKEUCHI and TAKEUCHI, 1965) , and lobster (CONSTANTI and NISTRI, 1976) , or a hyperpolarization as observed in isolated stretch receptor cells of the crayfish (KUFFLER and EDWARDS, 1958) , cortical neurons of the cat (KRNJEVIC and SCHWARTZ, 1967) , cultured sninal cord neurons (MACDONALD and BARKER, 1979) , and cortical neurons of the rat (DICHTER, 1980) . In these preparations , GABA selectively increases the permeability of the postsynaptic membrane toward Cl-. Using GABA-induced conductance change, more quantitative studies have been made on GABA-induced responses of the crayfish muscle TAKEUCHI, 1967 , 1969) , and lobster muscle (CONSTANTI, 1977a, b) , but little work has been done on the ganglion cells of Aplysia.
The aim of the present study was to determine some electrophysiological characteristics of the GABA receptor in the ganglion cells of Aplysia , and to compare them with those obtained from muscles of the crayfish and lobster . This paper is to report a characteristic voltage-dependent nature of the GABAinduced conductance change, and to analyze some possible causes for this nature .
METHODS

AND MATERIAL
Preparation and perfusing solution. The abdominal ganglion of Aplysia kurodai was dissected out and placed in a perfusing chamber . The cells were exposed to the perfusing solution after removing the connective tissue by means of binocular microscopic surgery. The cells were normally perfused with the artificial Aplysia blood (SATO et al., 1968) ; Na+ 587 , K+ 12, Cl-671, Ca2+ 14, and Mg2 + 52 mm. The effective perfusing volume of the chamber was 0 .2 ml, and the rate of perfusion was 5 ml per min. The pH of the perfusing solution was adjusted to 7.4 with tris(hydroxymethyl)aminomethane and HCl . The temperature of the perfusing solution was maintained at 17°C.
Measurement of the membrane conductance. Two glass microelectrodes filled with 1.8 M potassium citrate (5-15 MC2) were inserted into an identified single cell within the cell clusters of RB and Rc after FRAZIER et al . (1967) . One of the electrodes was connected to a high impedance pre-amplifier (gain 1) for the purpose of recording the membrane potential. The other was connected to a current source in order to control the level of membrane potential and to estimate the membrane conductance (G). The GABA-induced responses were evaluated by the increase in conductance (4G) of the receptor membrane . The 4G was calculated in 2 ways. One was a constant current method in which a constant inward current pulse of 500 msec was given intracellularly every 5 sec, the voltage drop across the receptor membrane was compared before and during the response to GABA. The other was a constant voltage method in which the resting potential was clamped at a given level during the response to GABA , and GABAinduced current was recorded to evaluate the "chord conductance." In addition to this conventional voltage clamp method, we employed a "modulated resting clamp" method, in which the resting membrane was repeatedly hyperpolarized every 3 sec by a voltage pulse of a few mV with a duration of 500 msec, and the current required for this constant hyperpolarizing pulse was recorded continuously before and during the response to GABA in order to evaluate the change in "slope conductance." The constant current method was used only for the identification of receptor type, or the qualitative assessment of the receptor activities, whereas the constant voltage method was used for all other quantitative measurements. Details of the methods used are given elsewhere (ONo et al., 1974; MATSUMOTO et al., 1980) . The type of GABA receptor used in this experiment. As mentioned above, most of the GABA receptors identified previously in different animals are the type, activation of which produces a Cr-dependent response. According to YAROWSKY and CARPENTER (1978) , there are five types of GABA receptors in the ganglion cells of Aplysia. Three are excitatory types, whereas the other two are inhibitory types. One of the inhibitory types is the receptor, activation of which produces a Cl--dependent response whereas the other is the receptor, activation of which produces a K+ -dependent response. Among these GABA receptors in the ganglion cells of Aplysia, only the inhibitory, Cl--dependent type was selected for this experiment because the results could be compared with other GABA receptors which have been studied more commonly in different animals.
Identification of the cells which include Cl--dependent type of GABA receptors. Many cells in the abdominal ganglion show a biphasic hyperpolarizing response when GABA is applied by perfusion. The initial phase of hyperpolarization is known to be associated with a permeability increase toward Cl-, whereas the subsequent phase is due to a permeability increase toward K+ (YAROWSKY and CARPENTER, 1978) . However, there are a certain number of cells in the groups of RB and R0, which respond to GABA with a monophasic, rapid hyperpolarization. This hyperpolarization is due to an increase in permeability of the postsynaptic membrane toward Cl-, exclusively. Only these cells were selected and used for this experiment. The selective increase in Cl--permeability was confirmed by measuring the expected change in reversal potential of the response after altering the Cl-concentration of the perfusing solution, and by observing a powerful blocking effect of bicuculline which is specific to the Cl--dependent receptor activity according to YAROWSKY and CARPENTER (1978) . The GABA receptor of this type may be called "HC1-type" since it produces a characteristic hyperpolarization (H) associated with a permeability increase toward Cl-, exclusively. . Constant currents were adjusted to 1.9 1.7, and 2.5 nA for the resting potentials of -38, -60, and -80 mV , respectively. The bottom line indicates the time of 1 ms GABA application.
The upper part of the spike discharges were clipped. induced response evaluated by the conductance change decreased when the resting membrane was hyperpolarized. In order to obtain more quantitative data, GABA-induced conductance change was evaluated by the method described above as "modulated resting clamp," an example of which is shown in Fig. 2 . A slower shift of the base line indicates a GABA-induced current response measured at a clamped resting potential given on each trace, whereas a periodical downward shift of the base line indicates the slope conductance of the membrane (see METHODS). The conductance change measured in this method was also proved to be depressed when the membrane was hyperpolarized from -40 to -80 mV. This voltage-dependent nature of the GABA-induced response was confirmed with nine different cells of this type. All the data were normalized for the purpose of statistical presentation, taking the response measured at -40 mV as a control (100 %) in each cell. The relative change in GABA-induced response was plotted against the resting membrane potential, and shown in Fig. 3A . The semi-log plotting of the same data (Fig. 3B) clearly indicates that the GABA-induced conductance change is depressed exponentially when the membrane is hyperpolarized ; 22.5 mV hyperpolarization depressed the response to 1/e of the control. tion of GABA. This has been previously confirmed by YAROWSKY and CARPENTER (1978) in their experiment with iontophoretic GABA application to the ganglion cells of Aplysia californica. A possible cause for the voltage-dependent depression of GABA receptor activity may be an augmentation of the receptor desensitization. For example, the membrane hyperpolarization could augment the rate of GABA receptor desensitization. This possibility was examined by measuring the rate of desensitization at different resting potentials during the sustained application of GA BA . An example is shown in Fig. 4A . GABAinduced response (4G) as well as the rate of its decay appeared to decrease when the resting membrane was hyperpolarized . Since the time course of the decay was nearly exponential, the rate of decay was evaluated more accurately by the change in time constant. The time constant was measured from the slope of the straight line, replotting the same data in semi-log scale , as shown in Fig. 4B . The rate of decay, thus measured, showed an 18 % decrease with the hyperpolarization of nearly 30 mV. This finding indicates that membrane hyperpolarization slightly decreases the rate of desensitization, and that voltage-dependent depres- Abscissa is the time of continuous GABA application after the onset of response. All records were obtained from the same cell with the GABA receptor of H.-type, using "modulated resting clamp" method.
B: the same data were replotted on the semi-log scale, except the part earlier than 18 sec. Solid lines were drawn by least-square regression, the slope of which indicates the time constant of the decay. sion of GABA receptor activity is not the result of an increase in the rate of receptor desensitization.
Voltage-dependent shift of the dose-response curve obtained from a single cell Other possible causes for the voltage-dependent depression of GABA receptor activity might be analyzed by measuring various parameters involved in the receptor kinetics. For instance, membrane hyperpolarization could alter the Hill coefficient, intrinsic activity, and/or apparent dissociation constant (Kapparent). These possibilities were examined by observing the shift of dose-response curve when the resting membrane was hyperpolarized. Figure 5A shows a parallel shift of the curve to the right when the resting membrane is hyperpolarized. The parallel shift suggested that the major change in kinetic parameter was the apparent dissociation constant of the receptor-GABA complex, and that neither the intrinsic activity nor the Hill coefficient was altered by increased hyperpolarization. Hill plotting of the same data is shown in Fig. 5B , where the slope of the straight line, namely the Hill coefficient, remained unchanged with the increase in hyperpolarization. Transmitter-induced conductance change in the postsynaptic membranes has generally been considered to be little affected by the change in membrane potential, usually exhibiting a straight line in voltage-current (V-I) relation. However, recent work demonstrated non-linear V-I relations in certain types of receptor membranes, particularly when a wider range of the membrane potential was examined. TAKEUCHI and TAKEUCHI (1959) observed an increase in duration of the end-plate current response during hyperpolarization of the frog muscle fiber. Fig. 6 . Voltage-dependent change in the apparentt dissociation constant (Kapparent) of the receptor-GABA complex (see the text). Data were obtained from 4 cells with the GABA receptor of the same type. Kapparent was determined from each dose-response curve, taking the GABA concentration which gives a half-maximum response. Then, changes in Kapparent were evaluated from the shift of the dose-response curve when the resting potential was altered, and plotted against the membrane potential on semi-log scale. Solid line is the least-square linear regression fit to the data.
More recently, many investigators have confirmed, with the same preparation, that the time course of the end-plate current is prolonged by hyperpolarization, and shortened by depolarization of the muscle membrane (GAGE and ARMSTRONG, 1968; KORDAS, 1969; MAGLEBY and STEVENS, 1972a, b) . ACh-induced increase in conductance of isolated electroplaques was also found to be depressed by depolarization and augmented by hyperpolarization (RUIZ-MANRESA and GRUNDFEST, 1971; LESTER et al., 1975) . ACh-induced increase in Nat-permeability of the ganglion cell of Aplysia was also found to be depressed when the membrane was depolarized (FRANK and TAUC, 1964; SATO and MARUHASHI, 1972) . By noise analysis of voltage clamped end-plate, ANDERSON and STEVENS (1973) demonstrated that a mean open time of a single ionic channel attached to an ACh receptor increases with hyperpolarization, and decreases with depolarization of the Vol.32, No.1, 1982 receptor membrane.
On the other hand, the voltage-dependent nature of the GABA receptor activity has not been well confirmed. There are a few studies on the V-I relationship of the GABA receptor membrane at the crustacean neuromuscular junction (TAKEUCHI and TAKEUCHI, 1967 ; KRNJEVIC and SCHWARTZ, 1967 ; EPSTEIN and GRUNDFEST, 1970) . The V-I relations were all linear or slightly curved within the range of membrane potential they examined, apparently indicating little voltage dependence of the GABA receptor activity. ADAMS and BROWN (1975) have also obtained a linear V-I relation from the activated GABA receptor membranes in the rat sympathetic ganglia. However, it should be noted that all of these investigators have used rather a brief voltage pulse with a duration of 70-200 msec in order to determine their V-I relations. This pulse duration seems to be too short to reveal a characteristic voltage dependence such as we observed, because our preliminary observation indicates that the duration of voltage change must be longer than a few seconds in order to exhibit the effect.
A little later, ONODERA and TAKEUCHI (1976) observed a shortening of the GABA-ergic inhibitory postsynaptic current (IPSC) at crayfish neuromuscular junction during hyperpolarization of the muscle fiber. DUDEL (1977 DUDEL ( , 1978 confirmed with the same preparation that the time course of IPSC is shortened by hyperpolarization, but prolonged by depolarization. He also showed that the conductance change during IPSC decreased with hyperpolarization, but increased with depolarization. Recently DUDEL et al. (1980) demonstrated from their noise analysis of voltage clamped crayfish neuromuscular junction that a mean open time of the single ionic channel attached to a GABA receptor decreased with hyperpolarization of the receptor membrane : 12 msec at -60 mV, and 6 msec at -100 mV.
The results of this paper indicated that the GABA-induced conductance change was markedly depressed when the membrane was hyperpolarized. In the analysis of possible causes for this depression, it was found that the depression was not due either to change in intrinsic activity, cooperativity, or desensitization of the GABA receptor. It was concluded that the major cause of this depression was the increase in Kapparent involved in the overall receptor reaction. The voltage-dependent nature of Kapparent may be discussed on the basis of an interaction between GABA and its receptor. For elucidating a mechanism of the receptor activation, DEL CASTILLO and KATZ (1957) 
